Abstract Neuroinflammation is a complex response to brain injury involving the activation of glia, release of inflammatory mediators within the brain, and recruitment of peripheral immune cells. Interestingly, memory deficits have been observed following many inflammatory states including infection, traumatic brain injury (TBI), normal aging, and Alzheimer's disease (AD). Prostaglandins (PGs), a class of lipid mediators which can have inflammatory actions, are upregulated by these inflammatory challenges and can impair memory. In this paper, we critically review the success of nonsteroidal antiinflammatory drugs, which prevent the formation of PGs, in preventing neuroinflammation-induced memory deficits following lipopolysaccharide injection, TBI, aging, and experimental models of AD in rodents and propose a mechanism by which PGs could disrupt memory formation.
Introduction
Many neuroinflammatory conditions are associated with cognitive dysfunction. Patients suffering from traumatic brain injury (TBI) or stroke often have substantial memory deficits for weeks or months following their trauma [1, 2] . Similarly, elevated levels of pro-inflammatory cytokines and prostanoids, indicative of neuroinflammation, are found in patients with Alzheimer's disease (AD) and AIDSrelated dementia, two additional disorders characterized by profound cognitive decline [3] [4] [5] . Despite the increasingly large population affected by these conditions, few if any therapies exist to improve memory in these neuroinflammatory states. Clearly, there is a great need to understand how neuroinflammation can impair memory processes and, in particular, to identify the key molecules involved and how they can be therapeutically targeted to prevent cognitive dysfunction.
Neuroinflammation
Neuroinflammation is defined as the activation of the brain's innate immune system in response to an inflammatory challenge and is characterized by a host of cellular and molecular changes within the brain. Glial cells, most notably astrocytes and microglia, become activated. Their processes become hypertrophied, they upregulate cellsurface immune modulatory proteins, and they increase the synthesis and release of pro-inflammatory molecules including cytokines, chemokines, and prostanoids. Neuroinflammation is often also accompanied by disruption of the blood-brain barrier and increased numbers of infiltrating leukocytes. Depending on the brain regions affected, these cellular and molecular changes can lead to sickness response behaviors including fever, anhedonia, hypophagia, hypersomnia, hyperalgesia, reduced social behaviors, and cognitive deficits [6] . These sickness response behaviors are not simply a result of decreased energy, but rather represent an active response that is aimed at enhanced recovery and increased survival [6] .
The exact pattern of cellular, molecular, and behavioral changes depend largely on the type and duration of the inflammatory challenge experienced by the organism. Neuroinflammation can result from classical injuries such as direct insult to the brain that occurs with TBI, encephalitis, or ischemia or from peripheral insults such as infection that follows exposure to bacteria. However, neuroinflammation also occurs following less traditional injuries such as neurodegenerative disorders and even with normal aging and exposure to certain stressors.
In the case of direct brain insult such as TBI, glial cells, particularly astrocytes and microglia, become activated and secrete pro-inflammatory molecules within the brain. In contrast, peripheral insults first activate local, peripheral immune cells to release cytokines into the circulation which then signal the brain to induce neuroinflammation via multiple routes. Circulating cytokines have low diffusion across the blood-brain barrier but can enter the brain at circumventricular organs, which lack a blood-brain barrier [7] . Alternatively, these inflammatory mediators may activate vascular endothelial cells and stimulate the release of neuroinflammatory prostaglandins (PGs) within the brain parenchyma. Specific carriers for certain cytokines also exist along the blood-brain barrier to facilitate saturable transport into the brain [8] . Finally, activation of vagal nerve afferents by peripheral cytokines induces de novo synthesis and release of inflammatory molecules within the brain parenchyma [9, 10] (see [11] for review).
Regardless of the route of stimulation, activated brain glial cells can upregulate and secrete pro-inflammatory molecules including cytokines, chemokines, and prostanoids, within the brain parenchyma. Interleukin-1 (IL-1) is a powerful pro-inflammatory cytokine with pleiotropic physiological and behavioral functions. Elevated IL-1 activates glia, increases blood-brain barrier permeability, causes leukocyte infiltration, induces its own expression, and upregulates other pro-inflammatory molecules including PGs [12] [13] [14] [15] . Elevated IL-1 also is sufficient to induce sickness response behaviors including fever, anhedonia, hypophagia, reduced social behaviors, and cognitive deficits [16] [17] [18] [19] [20] .
Neuroinflammation and Memory
Interestingly, a number of cognitive disorders including AD and AIDS-related dementia are associated with elevated brain levels of proinflammatory molecules including IL-1 and PGs [3, 5, 21, 22] . This observation suggested a possible link between elevated proinflammatory molecules and memory dysfunction in humans. Moreover, numerous animal studies have found a causative link between elevated IL-1β levels and memory deficits resulting from neuroinflammation [23] [24] [25] [26] [27] . Inflammatory conditions that elevate brain levels of IL-1 such as infection or stress impair memory and pharmacologically inhibiting IL-1 prevents these deficits [20, 24, 25, 28] . Peripheral as well as direct intracerebral injection of IL-1β and chronic hippocampal IL-1β overexpression also impair long-term memory [19, 20, 23, 26, 29] . These studies demonstrate that IL-1β is necessary and sufficient to cause memory deficits in certain neuroinflammatory conditions. The detrimental role of IL-1β on learning and memory processes has been reviewed further elsewhere [30] .
The mechanism by which neuroinflammation and, in particular, elevated IL-1 impair memory is largely unknown. Neuroinflammatory mediators such as IL-1β, tumor necrosis factor alpha (TNFα), and nitric oxide can induce the production of PGs via cyclooxygenase (COX), the rate-limiting enzyme in this pathway [13, 31, 32] . Circulating IL-1β, which has low diffusion across the blood-brain barrier, has been shown to upregulate COX mRNA within brain vascular endothelium causing the release of PGs into the brain parenchyma. IL-1β within the brain can also cause the release of PGs from glial cells [13] . Thus, PGs are in a position to mediate some of the effects of neuroinflammation and IL-1β within the brain. Consistent with this possibility, PGs have been shown to mediate several behavioral responses to elevated IL-1β, including fever, hypophagia, depressive-like behavior, and reduced social exploration [33] [34] [35] [36] [37] [38] .
The foregoing suggests that PGs may be downstream mediators of the impact of neuroinflammation and IL-1β on memory processes. In this review, we will examine the possibility that PGs are responsible for memory deficits in varied neuroinflammatory conditions. Therefore, we will (1) briefly review the role of PGs in neuroinflammation, (2) extensively review the detrimental role of elevated PGs on memory following lipopolysaccharide (LPS), TBI, and aging, as well as in models of AD, and (3) hypothesize a potential mechanism for the memory impairing effect of PGs. Many of these studies use nonsteroidal antiinflammatory drugs (NSAIDs), whose primary antiinflammatory action is to inhibit COX activity thereby reducing the production of PGs.
Memory Tasks
In this paper, we will review studies utilizing a wide array of different learning and memory tasks. The Morris water maze (MWM), which was developed 25 years ago, is the most extensively used memory test [39] . In the MWM, an animal must swim in a tank to find a hidden platform. The animals receive multiple training trials per day for numerous days. At the end of training, a probe trial is often used, where the platform is removed and the search pattern is monitored for a short period of time. Dependent measures can include time in target quadrant, latency to target quadrant, and platform crossings (swimming over the location where the platform used to reside). Researchers can also run a visible trial, where the platform is made visible by a conspicuous object. Data from this trial helps to control for potential differences in swimming speed or motivation between experimental groups. In the MWM, the animal is motivated by its intrinsic dislike of water. Therefore, results from this test depend greatly on treatments that affect motor performance and anxiety or motivational states. These parameters should be considered in analyzing data obtained from this task.
Contextual fear conditioning is another widely used memory test. There are two phases to this paradigm: conditioning and testing. During conditioning, an animal is placed in a novel context and explores and learns the features that comprise this context. After a few minutes, one or a series of shocks are delivered through a floor grid. During the testing phase, the animal is re-exposed to the conditioned context, and the amount of time spent freezing is measured. Freezing is a robust fear response in rodents and is a measure of learning in this task. If the animal formed a strong representation of the context during conditioning, it will display a high level of freezing to the context. Additionally, a tone can be added before the shock in the conditioning phase. The animal's freezing to the tone in a novel context then can be tested. Memory for the context depends on the hippocampus, while memory for the tone does not, allowing two different types of memory to be tested in the same task [40] .
To describe in detail here the nine other tasks used in the papers reviewed would be unwieldy. Therefore, for each study, we will note the task used and the type of memory tested, e.g., working, short-term, or long-term memory. We also direct readers not familiar with hippocampal memory tasks to other reviews that describe in detail many of the tests used [41] [42] [43] .
Caveats
In this review, we will restrict our discussion to the role of elevated PGE 2 in hippocampal-dependent memory impairments. However, basal, physiological levels of PGs are also necessary for normal LTP and memory [44] . These findings taken together suggest a hormetic or inverted Ushaped relationship for PGs and memory, where reductions below and elevations above basal levels impair normal memory. It should be noted that the same relationship has been found for IL-1 and memory, further linking these proinflammatory molecules in their impact on memory [45] . Researchers have extensively studied this physiologic role of PGs, but we will not review these studies here [44, [46] [47] [48] [49] [50] . Furthermore, other PGs in addition to PGE 2 may negatively affect learning and memory. Studies inhibiting COX with NSAIDs do not distinguish between the effects of different PGs. However, direct application studies show a clear role of elevated PGE 2 in impairing memory. Therefore, we will restrict our discussion to PGE 2 but do not rule out a role for other PGs. Finally, neuroinflammation likely impairs many types of learning and memory [51] ; however, the greatest area of research is on hippocampal-dependent memory, so we will focus our review on the role of PGs in hippocampal-dependent memory.
This review is aimed at elucidating the role of elevated PGs in hippocampal-dependent memory deficits and suggests that PGs may be responsible for the negative effects of IL-1 on memory, as well. However, many other inflammatory and hormonal systems are also affected by the treatments discussed below. For example, IL-1 also increases levels of IL-6 and TNFα, molecules which some researchers hypothesize are critical for neuroinflammationinduced memory deficits [12, [52] [53] [54] . Similarly, levels of cortisol in humans or corticosterone in animals are elevated by IL-1, and some research suggests that these hormones may impair memory [55, 56] . Because these inflammatory and hormonal systems are interrelated and regulated by each other, it is difficult to distinguish the function of these individual molecules. Therefore, we will restrict our discussion to the role of NSAIDs and PGs. However, we will note levels of additional inflammatory and hormonal molecules when they are examined and do not discount a potential role for these molecules in neuroinflammationinduced memory deficits.
Neurobiology of Prostaglandins
In order for PGs to be responsible for disrupting memory in neuroinflammatory states, several conditions must be met: (1) PGs must be elevated with inflammation in brain regions responsible for memory, most notably within the hippocampus, (2) PGs must be increased and receptors present at specific plasticity sites, e.g., neuronally, either at pre-or postsynaptic sites, (3) conditions that increase PGs within the hippocampus or direct application of PGs should impair memory, and COX inhibition should prevent deficits from the former, and (4) a mechanism should exist by which PGs could impair learning and memory processes. In the following sections, we will demonstrate that all four conditions are met for PGE 2 .
PGs are a class of eicosanoids that are formed by the liberation of arachidonic acid from phospholipids and a two-step conversion by COX enzymes (Fig. 1) . COX enzymes are the rate-limiting enzymes in the formation of PGs; therefore, their regulation is crucial in the control of PG synthesis. Two main isoforms of the COX enzyme exist, COX-1 and -2, which show 60% homology within a species [57, 58] . COX-1 is traditionally thought to have constitutive expression, while COX-2 is highly inducible, although this distinction is not as apparent within the brain. In fact, COX-2 has high basal expression within the brain and particularly the hippocampus, while COX-1 mRNA and protein are increased in the hippocampus by inflammatory stimuli [59] . A third isoform, COX-3 or COX-1b, has also been described. COX-3 is a splice variant of COX-1, having an identical sequence except for the inclusion of intron 1 [60, 61] . COX-3 transcript is expressed in murine brain homogenates and cultured astrocytes and microglia, although its expression is not increased by acute IL-1β treatment [60] . The predicted amino acid sequence of COX-3 in mouse has little homology to the COX-1 or -2 protein and is unlikely to have COX activity needed to produce PGs [62] . Therefore, in considering the role of PGs and COX in neuroinflammation, we will focus on COX-1 and -2 isoforms.
PGs are released by neuronal and glial cells in response to inflammatory challenge. For example, peripheral LPS injection up-regulates expression of COX-2 in endothelial cells within the brain vasculature [63] . PGE 2 once released can readily cross the blood-brain barrier. PGE 2 has a short half-life and, therefore, acts in a paracrine or autocrine fashion. Elevations in PGE 2 and COX have been found within the hippocampus following LPS injection, TBI, aging, and IL-1β injection [26, [63] [64] [65] . Therefore, neuroinflammatory conditions do elevate PGs within the hippocampus, a brain structure critical for many forms of memory.
PGE 2 exerts its actions by binding to EP receptors (EPRs) of which there are four known subtypes, 1-4, in the rat brain. Binding of PGE 2 to these G protein-coupled receptors leads to activation of different signaling pathways. Activation of the EP1 receptor induces calcium mobilization, and EP2 and EP4 are linked to Gs molecules mediating a rise in intracellular cAMP. Conversely, activation of the EP3 receptor reduces cAMP through Gi signaling and is therefore termed the "inhibitory" receptor, though several splice variants are expressed that may be coupled to other second messenger effects. Of these EP receptors, EP3 has the highest affinity for PGE 2 and is most abundantly expressed within the brain [66, 67] . Within the hippocampus, EP2 and EP3 receptors show the highest expression levels with EP2 receptors being primarily presynaptic and EP3 receptors postsynaptic [66, 68] . Therefore, PGE 2 is able to exert its effects in sites critical to synaptic plasticity mechanisms, notably at pre-or postsynaptic dendritic sites.
The following sections will evaluate the ability of elevated PGs to impair memory, COX inhibitors to prevent this impairment, and possible mechanisms that could explain this effect. The role of PGs in neuroinflammationinduced memory deficits caused by LPS injection, TBI, aging, and AD will be examined in detail (summarized in Table 1 ). Finally, the role of elevated PGs in LTP studies will be reviewed, and possible mechanisms by which binding of PGE 2 to its EP3R may impair memory discussed.
Prostaglandins and Memory

Physiological Elevations in Prostaglandins
Lipopolysaccharide
Peripheral injection of LPS is commonly used to study infection and is known to induce neuroinflammation. Although active, replicating bacteria is not administered, the animal's immune system recognizes pathogenassociated molecular patterns and stimulates an immediate and robust immune response. IL-1β mRNA is elevated within the hippocampus within 2 h after LPS injection, and by 5 h and for up to 24 h after injection IL-1β protein is increased [69, 70] . Following peripheral LPS injection, COX-2 immunoreactivity and PGE 2 are also increased within the hippocampus along with other pro-inflammatory molecules [63] . Sickness behaviors including fever, suppression of social interaction, and hypophagia can continue for 1-2 days after administration. Additionally, cognitive impairments have been reported by numerous groups when animals are trained immediately before or at short intervals after LPS injection. Experiments with LPS injections occurring after training provide particularly strong evidence that LPS-induced inflammation interferes with memory consolidation per se and not some nonspecific function such as attention, sensation, or motor performance.
Using this model of sickness and neuroinflammation, researchers have shown that elevated PGs are necessary for LPS-induced memory deficits. Jain et al. [71] injected mice with LPS (50 μg/mouse intraperitoneally, i.p.) immediately Contextual fear conditioning Impaired [26] after training in passive avoidance and an elevated plus maze, both hippocampal-dependent tasks. A COX-2 selective inhibitor (rofecoxib, 1.92 mg/kg orally, p.o.) was administered for 7 days beginning immediately after the LPS injection. LPS had no effect on general motor performance but significantly impaired memory at 1 and 7 days after injection in both tasks. Treatment with the COX-2 selective inhibitor completely reversed these deficits and restored normal learning and memory. In a different experiment, LPS injection (250 μg/kg i.p.) 4 h before training in the MWM caused rats to spend less time on a direct path to the hidden platform [72] . These results indicate spatial deficits in LPS-injected rats. When a nonselective COX inhibitor (ibuprofen, 30 mg/kg i.p.) was given 1 h before LPS, LPS-induced spatial memory impairments were completely prevented. Both of these studies demonstrate that physiologically elevated PGs, which are produced from COX activity, are necessary for memory deficits that result from peripheral LPS injection. In contrast to peripheral administration of LPS leading to neuroinflammation, LPS can be injected into specific brain regions, such as the hippocampus, to cause neuroinflammation directly. This manipulation examines specific effects of local hippocampal neuroinflammation on learning and memory, reducing some of the potential peripheral or nonhippocampal effects. Bilateral, intra-hippocampal LPS injections (1 μg/side) impaired acquisition and retention in an active avoidance task in rats [73] . However, daily administration of a nonselective COX inhibitor (indomethacin, 10 mg/kg i.p.) for 7 days enhanced performance in LPS-treated rats, especially by improving long-term memory for the retention trial. Therefore, reducing physiologically elevated PGs with a nonselective COX inhibitor improves memory following acute intra-hippocampal LPS injections.
Some researchers have become interested in the effects of not just acute, but chronic neuroinflammation, similar to what might be seen in neurodegenerative diseases such as AD. One way to create chronic neuroinflammation is by infusing LPS into the brain for a prolonged time. The Wenk group has extensively studied such a model by chronically infusing LPS into the fourth ventricle for 28 days through a cannula attached to an osmotic mini-pump. HaussWegrzyniak et al. [74] showed that chronic neuroinflammation resulting from 28 days of intraventricular LPS (.25 μg/h) impaired performance in the MWM. Daily subcutaneous (s.c.) injections of a novel NSAID without gastrointestinal side effects (NO-flurbiprofen, 15 mg/kg) for the length of the LPS infusions improved spatial performance, returning latencies to find the hidden platform to control levels. Using the same model, Jin et al. [75] found that chronic intraventricular LPS impaired retention but not learning in a delayed matching-to-place version of the MWM that tests working memory. Again, daily nonselective COX inhibition (dexiprofen, 50 mg/kg subcutaneously, s.c.) prevented these deficits. Together, these reviewed studies demonstrate that both peripheral and central as well as acute and chronic LPS treatments impair memory. More to the point, reducing physiologically elevated PGs by treatment with nonselective and COX-2 selective inhibitors can prevent these memory deficits.
Traumatic Brain Injury
Neuroinflammation can arise from insults other than classic infection. Models of TBI result in chronic neuroinflammation with clear clinical implications. Cernak et al. [76] used the 2-m impact acceleration model of diffuse TBI to examine the role of PGs in resulting memory deficits. In this model, hippocampal COX-2 protein was maximally increased from 1 to 3 days after injury and remained elevated 12 days after injury (last time point examined). Rats' hippocampal-dependent spatial reference memory was tested in the Barnes circular maze daily for 10 days following TBI. Animals were injected with a COX-2 selective inhibitor (nimesulide, 6 mg/kg i.p.) or vehicle beginning 30 min after TBI and continuing daily for 10 days. TBI rats had impaired performance in the maze, and COX-2 inhibition improved this deficit at 1 and 2 days as well as 7 and 8 days after TBI. COX-2 inhibition also improved general motor performance, but this improvement was only significant 1 day after TBI. Therefore, COX-2 inhibition appears to improve spatial memory in rats following diffuse TBI.
Using the lateral cortical impact model of TBI, a different group found similar results in the MWM. Twice daily dosing of a selective COX-2 inhibitor [5,5-dimethyl-3 (3-fluorophenyl)-4(4-methylsulfonyl)phenyl-2(5H)-furanone (DFU), 1 or 10 mg/kg i.p.] for 3 days after TBI improved performance in probe trials of the MWM at high, but not low doses [64] . Interestingly, Gopez et al. [64] show that a low dose of DFU (1 mg/kg) administered 10 min before TBI is sufficient to attenuate the increase in hippocampal PGE 2 , despite its inability to improve memory at this dose whether administered before or after TBI. Whether further inhibition of PGE 2 production by the higher dose of DFU is needed or nonspecific side effects of COX-2 inhibition are responsible for the beneficial effects seen on memory with the higher dose is unknown. COX-2 inhibition did not affect swim speed or beam walk performance. These studies suggest that COX-2 inhibition improves spatial hippocampal-dependent memory following neuroinflammation caused by multiple types of TBI.
Despite these positive findings that are in agreement with the LPS results discussed above, not all published studies of TBI in animals have found beneficial effects of NSAIDs on cognitive function. Dash et al. [77] also examined molecular and behavioral changes in rats after lateral cortical impact injury and treatment with a COX-2 selective inhibitor (celecoxib, 50 mg/kg p.o. twice daily on days 1-4 post-injury). COX-2 immunoreactivity was increased in the hippocampus at 3 h and up to 3 days after TBI. Motor function was assessed pre-injury and for the following 4 days during drug treatment and, surprisingly, COX-2 inhibition worsened motor function. Memory was tested 3 days after the last motor test, and COX-2 inhibition had no effect on memory in the MWM or contextual and auditory fear conditioning. It should be noted that no sham group without TBI was included in these memory tests. Seven days after TBI, memory may no longer be impaired in these animals, and a lack of a beneficial effect of COX-2 inhibition would not be surprising. Also, halting drug treatment 2 days before memory testing may have allowed PG levels and inflammation to increase. Therefore, strong conclusions cannot be drawn from the lack of benefit on memory from COX-2 inhibition. Nevertheless, although some COX-2 selective inhibitors have proven beneficial in improving memory deficits in certain models of TBI, COX-2 inhibitors may not be universally beneficial following TBI. The model of TBI, type of COX inhibitor, dose of drug, and duration/timing of dosing may all be critical to determining the success of NSAIDs in improving cognitive outcome following TBI.
Aging
External, experimenter manipulation is not always required to attain neuroinflammation. Normal aging is often associated with increased neuroinflammation as measured by elevated IL-1β, PGE 2 , MHCII, etc., especially within the hippocampus [65, 78, 79] . Hippocampal-dependent memory impairments are often concomitant with this neuroinflammation. A number of researchers have examined this relationship and have shown elevated PGs to be necessary for these memory impairments. Jain et al. [71] found memory deficits in aged (16 months old) compared to young (3 months old) mice in both a passive avoidance task and an elevated plus maze. When nonselective (naproxen, 6.82 mg/kg), COX-2 preferential (nimesulide, 2.42 mg/kg), and COX-2 selective (rofecoxib, 1.92 mg/kg p.o.) inhibitors were administered for 15 days before training, these memory deficits in aged animals were prevented. COX inhibition did not affect total activity but did improve sensorimotor performance as measured by the rota-rod test in aged animals. These results were replicated for the preferential COX-2 inhibitor in a separate paper by the same group in 2005 [80] . Once again, aging impaired memory in the elevated plus maze and 15 days of treatment with a COX-2 preferential inhibitor improved performance in this task as well as improving sensorimotor performance. These experiments suggest that nonselective and COX-2 selective inhibition improve hippocampal-dependent memory in aged mice. However, given that COX inhibition also improves sensorimotor performance in these aged mice, a skill that is potentially useful in these memory tasks, it is important to tease out this confound in future studies.
Other aging studies examining the role of neuroinflammation in memory have used chronic dosing of NSAIDs. For example, Mesches et al. [79] administered a nonselective COX inhibitor [sulindac, 500 parts per million (ppm)] in the food of young (6 months) and aged (18 months) rats for 2 months before training. Animals were then trained in the radial arm water maze (RAWM) followed by contextual fear conditioning, both hippocampal-dependent tasks. Aged animals showed spatial working memory deficits in the RAWM and long-term memory deficits in contextual (hippocampal-dependent) but not auditory (hippocampalindependent) fear conditioning. PG levels themselves were not measured in this study, but 2 months of COX inhibition did reduce hippocampal IL-1β protein levels in aged animals, returning them to levels seen in young animals. Similarly, Casolini et al. [65] found age-related memory deficits in the MWM. Three-16-and 22-month-old rats were trained in the MWM after 4 months of COX-2 selective inhibition (celecoxib, 3 mg/kg twice daily p.o.; only 15 days of control treatment for the 3-month group). Oddly, the group aged 22 months did not differ from the young animals, while the group aged 16 months was significantly impaired. Four months of COX-2 selective inhibition returned performance in the 16-month-old rats to levels seen in the young animals. Within the hippocampus, levels of IL-1β, TNFα, and PGE 2 as well as plasma corticosterone levels were elevated in both 16 and 22 compared to 3-month-old animals. COX-2 inhibition also significantly reduced IL-1β, TNFα, PGE 2 , and corticosterone levels in 16 but not 22-month-old rats, although levels in aged COX-2-treated animals did not return to those seen in young animals. Anxiety-like behavior was measured in the elevated plus maze with aged animals showing increased anxiety, which was prevented in 16-month-old animals by treatment with the COX-2 selective inhibitor. The animal's level of motivation in the MWM is critical to the success of the task. Anxiety may affect this aspect independent of effects on memory; therefore, this potential confound should be considered in examining these results. Nevertheless, these data show that chronic COX inhibition can prevent aging-induced memory deficits, potentially by reducing levels of pro-inflammatory molecules within the brain. This last study also suggests that a critical time window may exist for intervention with NSAIDs. Administration after a certain age (e.g., 18 months) may no longer have beneficial effects on memory.
Models of Alzheimer's Disease
In addition to normal aging, AD is another condition associated with both neuroinflammation and cognitive impairments. Modeling the human condition of AD in rodents has proven difficult and, therefore, multiple models have been developed that mimic different aspects of the disease. Here we will examine four different models: (1) injection of amyloid β peptide into the brain (acutely or chronically), (2) Tg2576, which overexpress a Swedish mutation of the human amyloid precursor protein (APP), (3) a double transgenic (Tg) mouse expressing mutant forms of APP swe and presenilin 1 (PS1), and (4) a triple Tg mouse overexpressing human APP swe , PS1 M146V , and tau P301L . We will review the ability of different NSAIDs to prevent hippocampal-dependent memory deficits in these models.
Amyloid β plaques within the brain are a hallmark pathological sign of AD. Rodents do not naturally form these plaques. Therefore, to experimentally study the effects of Aβ on the brain in vivo, researchers inject Aβ into the rodent brain and observe subsequent behavioral changes. For example, Joo et al. [81] infused Aβ (600 pmol/day) or vehicle into the lateral ventricle of rats continuously for 1 week followed by 3 weeks of treatment with a nonselective COX inhibitor (mefenamic acid, 5 mg/kg/day i.p.). Aβ 1-42 -infused rats were impaired in the MWM probe test, indicating impaired spatial memory. Three prior weeks of COX inhibition prevented this deficit in the MWM. In a different model, 12-month-old mice were injected intracerebroventricularly with Aβ (1 nmol) or vehicle and then with LPS (1 mg/kg i.p.) or vehicle [82] . Aβ-LPS-injected mice then received injections of a COX-2 inhibitor (NS-398 5 mg/kg i.p.) for 4 days. Seven days after Aβ injection, Aβ-LPS-injected mice showed large deficits in object recognition compared to control animals and Aβ injected animals showed an intermediate level of memory (Aβ impaired from control, Aβ-LPS impaired from Aβ). COX-2 inhibition improved memory in Aβ-LPS-injected animals to levels seen in animals injected with Aβ alone. Unfortunately, a group injected with Aβ alone and the NSAID was not included. Therefore, we cannot conclude in this model whether COX inhibition improved memory from Aβ injection, LPS, or both. Nevertheless, in these studies with Aβ-injected rodents, COX inhibition did improve memory function.
The APP swe overexpressing Tg2576 mice have been well studied. Aβ levels become abnormal by ∼6 months of age although plaques do not develop until 11-13 months of age [83, 84] . Tg2576 mice show hippocampal-dependent memory deficits by 6-9 months, and a recent study showed NSAIDs to be effective in improving memory in these Tg mice [84] [85] [86] . Kotilinek et al. [86] used two nonselective COX inhibitors (ibuprofen or naproxen, 375 ppm) and one COX-2-selective inhibitor (MF tricyclic, 13 ppm) to try to prevent memory deficits in the APP swe overexpressing Tg2576 mice. Doses of NSAIDs were carefully selected to mimic low to moderate human doses, and to ensure the primary action of the drug was to inhibit COX. NSAID treatment was started at 11.5 months of age and continued for 4 weeks before MWM training began. Transgenic mice were significantly impaired across the training trials and during probe tests. All NSAID-treated groups had a faster rate of learning and improved long-term memory, similar to learning seen in the wild-type controls. No differences in swimming speed were found. In a second experiment, Tg2576 mice were treated preventatively with a nonselective COX inhibitor (ibuprofen, 375 ppm) beginning at 4.5 months of age and continuing for 4 months. Mice were tested for spatial working memory in the T maze (forced choice alternation) and spatial reference memory in the MWM. Tg2576 mice showed impaired performance, and preventative treatment with a nonselective COX inhibitor significantly improved performance in both tasks. Elevated brain levels of TNFα and IL-1β were found at 13 months in Tg compared to wild-type controls. Treatment with all three NSAIDs significantly lowered IL-1β levels. However, 13-month-old NSAID-treated animals with normal memory still had significantly elevated IL-1β compared to 10.5-month-old Tg mice with memory deficits, indicating a dissociation between brain IL-1β and memory. Forebrain levels of Aβ 40 , Aβ 42 , Aβ 56 , and APP did not change with NSAID treatment, indicating that the beneficial effect of NSAIDs on memory was not due to lowered Aβ load. Finally, COX-2 mRNA levels did not differ in the hippocampus and frontal cortex between Tg and wild-type mice. PGE 2 levels were actually lower in Tg compared to wild-type mice, and COX inhibition did not significantly affect total levels. In order to try to correlate memory performance in Tg2576 mice to levels of pro-inflammatory molecules, Tg mice were grouped into low-, medium-, and high-performing bins based on performance in the MWM. Brain PGE 2 levels in NSAID-treated animals showed a significant inverse correlation with performance in the MWM, while TNFα, IL-1β, total Aβ 40 , and total Aβ 42 did not correlate. NSAID-treated Tg2576 mice with high forebrain PGE 2 performed worse in the MWM, while those with low PGE 2 performed well. Therefore, nonselective and COX-2-selective inhibitors are successful in preventing working and long-term memory deficits in APP swe -overexpressing mice. The beneficial effects of NSAIDs in these studies appear to be due to their ability to reduce brain levels of PGE 2 and not other anti-inflammatory or Aβ-lowering effects [86] .
The APP swe /PS1dE9 double transgenic mouse model of AD shows accelerated amyloid deposition compared with the single transgenic Tg2576 mice [87] . These double transgenic mice have impairments in LTP and working memory in the RAWM by 3 months of age but do not develop long-term memory impairments in the MWM until 6-8 months of age [88] . Melnikova et al. [89] examined the interaction of human COX-2 overexpression in the APP swe / PS1dE9 Tg mouse model of AD. They found that trigenic animals with the APP swe /PS1dE9 mutations and COX-2 overexpression showed a fourfold elevation in brain PGE 2 . Treatment with the COX-2 selective inhibitor, celecoxib, for 3.5-4 months reduced this PGE 2 increase. In behavioral tests, Melnikova et al. [89] found that female but not male trigenic mice were impaired in working memory in the three-trial Y maze compared to APP swe /PS1dE9 mice without the COX-2 Tg, and these deficits could not be explained by differences in motor activity. No deficits were found in APP swe /PS1dE9 Tg mice compared to WT or in either gender in long-term memory in this task. Selective COX-2 inhibition for 3.5 months reversed the working memory deficit in female trigenic mice. COX-2 inhibition had no significant effect on amyloid plaque deposition, Aβ 40 , or Aβ 42 (although p<0.07 for reducing Aβ 42 ), suggesting that the beneficial effect of COX-2 inhibition was not due to effects on amyloid deposition. They also showed that COX-2 inhibition had no effect on Aβ 40 or Aβ 42 levels in APP swe /PS1dE9 Tg mice crossed with a different COX-2 Tg model, which shows a high COX-2 overexpression and 25-fold elevation in PGE 2 [89] . These results support those of Kotilinek et al. [86] and suggest that the memory-enhancing effect of chronic COX inhibition in models of AD is independent from changes in amyloid plaque deposition or Aβ.
The triple transgenic (3× Tg) mouse model of AD developed by LaFerla in 2003 differs from the previous two models in its development of tau pathology and tangles along with Aβ plaques [90] . Intracellular Aβ 42 accumulation develops early in this model around 4 months of age in the cortex and 6 months of age in the hippocampus followed by the development of extracellular Aβ deposits, tau pathology, and tangles [91] . McKee et al. [92] assessed the ability of a nonselective COX inhibitor to prevent hippocampal-dependent memory deficits in these mice. Mice were treated with vehicle or a nonselective COX inhibitor (ibuprofen, 375 ppm) from 1-5 months of age and then trained in the MWM. Untreated 3× Tg mice were unable to learn the location of the hidden platform over 7 days of training. Tg mice treated with the NSAID had significantly improved memory, indistinguishable from wild-type littermates until the sixth day of training. Similarly, 3× Tg mice were impaired during a short-term and long-term memory probe trial, while the NSAIDtreated animals did not differ significantly from wild-type controls. No differences in swimming speed were found.
Five months of COX inhibition also reduced intraneuronal Aβ levels and reduced the number of hyperphosphorylated tau-immunoreactive neurons in the hippocampus. Unfortunately, no attempt to correlate levels of Aβ or tau with learning or memory performance was made. Nevertheless, this study shows that chronic treatment with a nonselective COX inhibitor is able to prevent spatial memory deficits and reduce Aβ and hyperphosphorylated tau levels in the 3× Tg model of AD.
Taken together, these collective behavioral studies demonstrate that NSAIDs are quite efficacious in preventing neuroinflammation-induced memory deficits in rodents following LPS, TBI, aging, and models of AD. Both acute and chronic treatments have been shown beneficial, although the age of onset and duration of dosing are critical to the drug's success. Whether the memory-improving effects of NSAIDs are due to the reduction of physiologically elevated PGs or other anti-inflammatory or Aβ-lowering abilities is still largely unclear, although the studies reviewed here suggest at least some of the beneficial effects are independent of alterations in amyloid deposition. More studies quantifying levels of a range of proinflammatory molecules including PGE 2 after NSAID treatment are needed, and these should be correlated with learning performance.
Pharmacological Elevations in Prostaglandins
The previous section reviewed a number of studies demonstrating that NSAIDs are frequently successful in preventing memory deficits following diverse neuroinflammatory states. To study more directly the relationship between elevated PGs and memory, experimenters have pharmacologically increased PG levels and tested learning ability. Specifically, we will review studies that elevated PGs by (1) direct injection of IL-1β, a potent COX stimulator, (2) COX-2 overexpression, and (3) direct intrahippocampal PGE 2 injection.
IL-1β Injection
IL-1β is a potent COX-2 stimulator and has been shown to increase PGE 2 production [13] . A number of researchers have now shown that when injected into the brain, IL-1β impairs hippocampal-dependent memory. Barrientos et al. [23, 93] demonstrated that intra-hippocampal IL-1β injection (1 or 10 ng, respectively) impaired contextual but not auditory fear conditioning, indicating a disruption in hippocampal-specific memory formation. In these studies, IL-1β itself or a multitude of other neuroinflammatory molecules could disrupt the memory formation processes. However, using the same method and dose, Hein et al. [26] found that a nonselective COX inhibitor (naproxen 1 μg/ side) co-administered with IL-1β (10 ng/side) intrahippocampally prevented this contextual memory deficit. Moreover, they showed that IL-1β injection significantly increased hippocampal COX-2 mRNA expression, which was attenuated in rats also receiving nonselective COX inhibition.
Matsumoto et al. [94] also showed that intrahippocampal IL-1β injection (100 ng/side 10 min before testing) significantly impaired working memory in the three-panel runway task. Administration of a COX-2 preferential inhibitor (diclofenac, 10 mg/kg but not 3.2 mg/kg s.c.) 30 min before the IL-1β injection prevented this deficit. In a separate experiment, they showed that PGE 2 was significantly elevated 10 min after intrahippocampal IL-1β injection (100 ng/side). Taken together, these studies show that direct injection of IL-1β into the brain, which reduces confounding peripheral effects, increases COX-2 mRNA and PGE 2 within the hippocampus and impairs hippocampal-dependent long-term and working memory. Moreover, nonselective and COX-2 preferential inhibition prevents these memory deficits. Therefore, the memory impairing effect of acute IL-1β injection appears to be PG-dependent.
COX-2 Overexpression
Instead of inducing COX-2 mRNA and PGE 2 expression by IL-1β injection, Tg mice can be utilized that overexpress human COX-2. Andreasson et al. [95] developed such mice and found that hCOX-2 overexpression drives a ten-to 15-fold elevation in brain PGE 2 levels, which is preventable with administration of a COX-2 inhibitor. In the MWM, 12-and 20-month-old, but not 7-month-old, COX-2-Tg mice were impaired in their memory for the hidden platform, while no differences were found in swim speed or distance to reach a visible platform. In active and inhibitory avoidance tasks, 20-month-old, but not 7-or 12-month-old, Tg animals were significantly impaired, while no significant differences in sensitivity to shock were found between genotypes. These data indicate that hCOX-2 overexpression and the resultant brain PGE 2 increases lead to strong age-dependent hippocampal memory deficits. It is interesting, and perhaps surprising, that 7-month-old Tg mice are not impaired in these tasks as well. However, since the COX-2 transgene is expressed from birth, compensatory processes may work to counter the elevated PGE 2 levels. As the animal continues to age, these processes may fail to sufficiently counter the neuroinflammation, and memory deficits result. Andreasson et al. [95] offers some evidence supporting this idea by showing elevated brain glial fibrillary acid protein levels in 20-to 24-month-old Tg compared to wild-type mice indicating astrocyte activation. Transgenic mice also had increased numbers of apoptotic cells compared to wild-type mice at 14 and 22 months and compared to 8-month-old Tg mice.
PGE 2 Injection
The most direct way to assess whether or not elevated PGs impair hippocampal-dependent memory is to inject PGs into the hippocampus and test learning and memory. Two studies have done just that. Matsumoto et al. [94] intrahippocampally injected PGE 2 (0.01, 0.1, and 1 µg/side) 10 min before testing working memory in the three-panel runway task. Rats injected with either the middle or high dose of PGE 2 had significantly more errors than vehicleinjected rats. Hein et al. [26] also examined the direct effect of PGE 2 on hippocampal-dependent long-term memory. Given the short half-life of PGE 2 in vivo (minutes) and the long period over which memory consolidation occurs (hours), PGE 2 (250 or 500 ng/h for 6 h) or vehicle was continuously infused into the hippocampus of rats immediately after contextual fear conditioning. Rats infused with PGE 2 but not vehicle showed significant impairments in long-term contextual fear memory. These studies provide the most direct evidence that pharmacologically elevated PGE 2 is sufficient to impair hippocampal-dependent memory processes.
Mechanism for Memory-Impairing Effect of PGs
LTP Studies
LTP is a useful model for studying molecular mechanisms involved in synaptic plasticity, and recent studies indicate LTP may occur during memory formation [96] . Many researchers have examined the detrimental effects of neuroinflammation on LTP in the hippocampal formation. LPS, TBI, aging, Aβ application, and IL-1β application have all been shown to impair hippocampal LTP [72, 86, [97] [98] [99] [100] . However, whether one underlying mechanism or many diverse pathways are involved in these neuroinflammation-induced LTP deficits is unknown. Given the success of NSAIDs in reversing behavioral memory impairments following these neuroinflammatory conditions, one might expect elevated PGE 2 to be a main suspect and NSAIDs to reverse the LTP impairments as well. Surprisingly, few researchers have published studies examining the ability of NSAIDs to reverse these LTP deficits. Most researchers using NSAIDS in LTP studies investigate the important role of basal levels of PGs in LTP.
Kotilinek et al.
[86] found COX-2 inhibition sufficient to restore LTP after Aβ application to hippocampal slices. In vitro application of soluble, synthetic Aβ 42 to rat hippocampal slices prevented the induction of LTP at the perforant pathway. Pretreatment with a nonselective (ibuprofen and naproxen) or COX-2 selective (MF tricyclic and NS-398) but not a COX-1 selective (piroxicam) inhibitor prevented inhibition of LTP by Aβ 42 . Moreover, this LTPrestoring effect was abolished by application of exogenous PGE 2 , suggesting that COX-2-mediated elevations in PGs are responsible for Aβ 42 -induced LTP deficits. Despite this example of NSAIDs successfully preventing LTP deficits, Shaw et al. [72] found no restoration of LTP by COX inhibition following LPS treatment. Rats were injected with a nonselective COX inhibitor (ibuprofen, 30 mg/kg, i.p.) 1 h before LPS (250 μg/kg i.p.) and recordings done in the perforant pathway 4 h later. Although this drug treatment regimen was able to reverse behavioral deficits in the MWM, no beneficial effect on the induction of LTP was found. Large differences between these studies exist, both in the treatment that impairs LTP (Aβ 42 vs. LPS) and in the methodology (in vitro vs. in vivo manipulations). Whether the lack of studies using NSAIDs to prevent inflammationinduced LTP deficits is indicative of a truly unexamined research area or a plethora of unpublished negative results is unknown. Regardless, more studies examining the effect of COX inhibition on LTP deficits following neuroinflammatory conditions are needed.
EP3R Hypothesis
Although the LTP literature does not reveal potential mechanisms to explain how elevated PGs might impair synaptic plasticity during neuroinflammatory states, we propose one hypothesis. As discussed above, PGE 2 signals through four EP receptors, EP1-4. Interestingly, the EP3R has the highest abundance within the hippocampus and colabels with PSD95 indicating neuronal expression at the postsynaptic density [68] . In an LTP model, this would place the EP3R in an ideal location to interfere with postsynaptic molecular cascades needed for synaptic strengthening and, potentially, memory. Moreover, the EP3R can be upregulated by neuroinflammatory conditions. In vitro, hypothalamic neurons treated with glialconditioned media upregulate EP3R mRNA, but not EPR 1, 2, or 4 mRNA [101] . In addition, human astrocytoma cells, primary human astrocytes, and rat mixed glial cultures incubated with IL-1β for 24 h showed EP3R mRNA and protein expression [102] . In vivo, IL-1β injection (20 µg) into the lateral ventricle increased EP3R protein 24 h later within the hippocampus [102] . Vehicleinjected animals also had highly elevated EP3R protein (20-fold above non-injected controls), likely resulting from significant neuroinflammation arising from the injection stab wound [102] . IL-1β injection caused a further twofold elevation in EP3R protein above vehicle-injected levels [102] . Although it bears mentioning that there is a higher than expected mobility for the EP3R protein seen on Western blot in the aforementioned study, IL-1β which is elevated during neuroinflammation appears to upregulate EP3Rs in vitro and in vivo.
In order to understand how PGE 2 could act through the EP3R to interfere with postsynaptic signaling requisite for synaptic strengthening, we must first introduce a key player in synaptic strengthening and memory formation. Elevations in one immediate early gene, brain-derived neurotrophic factor (BDNF), following a learning event have been shown essential for long-term hippocampal-dependent memory [103] . Conditions that physiologically reduce BDNF or injection of BDNF antisense oligonucleotides impair memory, and manipulations that elevate BDNF improve memory [104] [105] [106] [107] . Moreover, animals with genetically reduced BDNF show hippocampal LTP and memory deficits, and application of BDNF can restore normal LTP and memory [108] [109] [110] [111] .
BDNF mRNA is increased postsynaptically in hippocampal slices following LTP-inducing high-frequency stimulation (HFS). This HFS initiates molecular intracellular cascades resulting in the activation of NMDA receptors, increased Ca 2+ influx, and elevated cAMP. Cyclic AMP is a second messenger that can activate a number of kinase pathways including the PKA and Ras/MAPK pathways. These kinases can translocate into the nucleus and phosphorylate the cAMP response element-binding protein (CREB). Once phosphorylated, CREB acts as a transcription factor, binding to the cAMP response element (CRE) and upregulating transcription of downstream genes (see Fig. 2 ). BDNF is one gene whose transcription is regulated by CREB.
Activation of the EP3R by PGE 2 predominantly reduces cAMP through an inhibitory G protein. Therefore, one result of elevated hippocampal PGE 2 may be to reduce activity-dependent BDNF transcription necessary for longterm memory formation through either of the aforementioned kinase pathways. Rage et al. [101] first proposed this hypothesis, and two studies support the idea. Rage et al. [101] showed that IL-1β application to mixed hypothalamic neuron and glial cultures reduced BDNF mRNA and protein, and a nonselective COX inhibitor (indomethacin) prevented this reduction in BDNF. Direct application of PGE 2 to the cultures also reduced BDNF mRNA and protein. Moreover, astrocyte-conditioned media applied to neuron-enriched cultures increased EP3R mRNA but not EP1 or EP4. Interestingly, IL-1β or PGE 2 applied to neuron-enriched cultures lacking glial cells actually increased BDNF mRNA and protein, suggesting that the glial-or inflammation-induced increase in EP3R is necessary for the BDNF-lowering effect of these molecules. Extending this work to an in vivo system, Hein et al. [26] demonstrated that direct infusion of PGE 2 into the hippocampus after contextual fear conditioning impairs long-term memory for the context and reduces the hippocampal BDNF mRNA induction seen 2 h after conditioning. Therefore, some neuroinflammation-induced memory deficits may be caused by elevated PGE 2 binding to increased numbers of EP3Rs, reducing cAMP levels, and thereby reducing the necessary BDNF mRNA induction. Further studies are needed to test this hypothesis.
Methodological Considerations: COX-Independent Actions of NSAIDs
The above mechanistic hypothesis may explain memory deficits in some neuroinflammatory conditions but not others. For example, it is easy to imagine how EP3R activation could disrupt synaptic strengthening mechanisms following an acute inflammatory challenge, e.g., injection of IL-1β, PGE 2 , LPS, etc. However, under more chronic neuroinflammatory states, such as aging or AD models, many complex and potentially compensatory changes have likely occurred within the brain. In these conditions, chronic dosing of NSAIDs for weeks and often months is used to prevent memory impairments. If a simple reduction in cAMP and BDNF from EP3R activation was responsible, one would expect acute dosing of NSAIDs to be sufficient to improve memory. Thus, with chronic dosing, COX-independent actions of NSAIDs such as reducing reactive oxygen species (ROS) levels, inhibiting NF-kB, activating PPARγ, and/or reducing Aβ may explain some of the beneficial effects of NSAIDs. These possibilities are described in more detail below.
As a by-product of the oxidation step of the COX reaction, ROS are generated. Therefore, inhibition of COX inherently reduces the production of ROS. ROS can initiate a host of harmful events within the cell, most notably oxidative damage to lipids and proteins. Although the cell can effectively scavenge ROS under basal conditions, with increased inflammatory burden, the cell's scavenging mechanisms are insufficient, and severe oxidative damage can occur. In aged animals, ROS levels are negatively correlated with memory performance [112] . Moreover, reducing levels of ROS with antioxidant-enriched diets, superoxide dismutase/catalase mimetics, or Tg superoxide dismutase overexpression improves LTP and hippocampaldependent memory in aged animals [113] [114] [115] [116] [117] [118] [119] [120] . These data indicate that in animals with an elevated ROS burden, simply reducing ROS is sufficient to improve memory function (see [121] for review).
In addition to their inherent reduction of ROS, some NSAIDs have other biological activities besides inhibiting COX that may impact learning and memory processes directly or indirectly. Ibuprofen has been shown to inhibit NF-κB, a powerful pro-inflammatory transcription factor that upregulates a milieu of cytokines, and IKK, a related pro-inflammatory kinase [122, 123] . Ibuprofen and indomethacin can activate PPARγ, an anti-inflammatory nuclear receptor that reduces the transcription of pro-inflammatory cytokines such as IL-1β [124, 125] . Ibuprofen, indomethacin, and sulindac reduce levels of Aβ 42 by as much as 80% ( [126] ; see [127] for review). Interestingly, researchers have shown that many of these actions individually are sufficient to improve memory function. PPARγ agonists improved object recognition memory in rats following whole brain irradiation and enhanced spatial memory performance in the MWM in rats fed high-fat diets [128, 129] . In addition, R-flurbiprofen, which can reduce Aβ levels and inhibit NF-κB without reducing COX activity at therapeutic doses, improved spatial memory in the MWM in animal models of AD [130] . The exact profile of which NSAIDs have these COX-independent actions and what doses are necessary is not fully known. However, studies should take into account the known side effects when selecting drugs and doses as well as deciding what molecular markers within the brain to measure. When additional molecular markers such as IL-1, corticosterone, or Aβ, are measured, the levels of these markers should be correlated with behavioral performance. Such analyses may help identify the critical actions of NSAIDs in therapeutic studies.
NSAIDs in Alzheimer's Disease
Much of the initial interest in using NSAIDs to treat AD arose from epidemiological studies showing that long-term NSAID use in normal aging populations reduced the risk of developing AD. Incidence, case control, and populationbased prevalence studies have all repeatedly found significant or near significant reductions in the incidence of AD in aging populations with long-term and usually nonselective COX inhibitor use. These studies have been reviewed extensively by McGeer and McGeer [131] . Unfortunately, recent clinical trials have been unable to find such benefits of NSAIDs when patients already diagnosed with AD were treated. A couple of initial studies with nonselective COX inhibitors found significant or beneficial trends in improved cognitive outcome [132, 133] . However, numerous largescale clinical trials with COX-2 selective inhibitors and even a few with nonselective COX inhibitors have found no beneficial effect and even potential further cognitive impairment or increased cardiovascular risk when given to patients with mild to moderate AD [134] [135] [136] [137] [138] [139] [140] . The lack of NSAID efficacy in symptomatic AD patients may be due to one or more factors, including a profound loss of hippocampal/cortical neurons, inability to rewire, or the inhibition of beneficial PG signaling pathways. Therefore, despite the overwhelming ability of NSAIDs to prevent or reverse cognitive deficits following neuroinflammatory states in animals, they do not appear sufficient to slow the progression or improve cognitive function in symptomatic AD patients.
Why animal models of AD benefit from NSAID treatment but AD patients do not is unknown. However, one difference between these conditions is striking: the degree of neuronal loss before onset of treatment. By the time the first clinical symptoms of AD appear, the human hippocampal circuitry has already suffered extensive neuronal loss. Even in very mild AD, researchers have reported 50% neuron loss in layer II of the entorhinal cortex and 46% loss in CA1 of the hippocampus [141] . Therefore, until a biomarker for AD can be found to diagnose AD before clinical symptoms appear, doctors must treat patients' whose neural substrate for memory is already compromised. The same is not true in the animal models of AD. Few, if any, of the animal models of AD show neuronal loss and certainly not to the extent seen in the human AD condition [142] . This difference may explain the seemingly contradictory data generated from NSAID treatment. In animal models of AD, NSAIDs reduce the neuroinflammation and potentially Aβ levels (see comments above) and are therefore able to restore normal cognitive function. However, in human AD, the neurological substrate for forming new memories, the hippocampal circuitry, is greatly disrupted, and reducing inflammation or Aβ is not sufficient to restore cognitive abilities.
Conclusions
This paper reviews a significant body of literature showing that PGs are elevated under inflammatory conditions within the hippocampus, a brain structure critical for learning and memory. Within the hippocampus, the EP3R for PGE 2 is increased at postsynaptic sites with neuroinflammation. Moreover, NSAIDs have a powerful ability to improve memory in rodent models of neuroinflammation, and COX-2 overexpression or intra-hippocampal PGE 2 injection can impair memory (see Table 1 ). Finally, PGE 2 signaling, likely through the EP3R, can reduce BDNF, a molecule necessary for normal hippocampal-dependent memory. Taken together, this evidence indicates that PGs are responsible for at least some types of neuroinflammationinduced memory deficits.
